pollute the sensor signal. The parasitic capacitance for in vivo use is of the order of femto or pico Farads according to previous research of our group ( [3, 8, 9] ) and is hard to eliminate by estimation and subtraction.
Fig. 1 Foley catheter inserted into urethra
Supercapacitors have previously been used as energy storage devices. They exhibit capacitances that are several orders of magnitude higher than traditional capacitors. Here we demonstrate a supercapacitor being used as a sensor for a catheter application. The discontinuity in the material at the edge of a capacitor results in additional radial components in the electric field, called the fringe electric field, which in turn generate parasitic capacitance components on the sides of a capacitor. In a supercapacitor, due to the thin dielectric layer and high surface area electrodes, the capacitance of a supercapacitor is at least 3 orders of magnitude higher than the parasitic capacitance in a supercapacitor, which makes the parasitic capacitance negligible [9] .
In this paper, an instrumented urethral catheter based on a supercapacitor sensor is developed to measure pressure in the bladder and force distribution in the urethra, during clinical Proceedings of the 2018 Design of Medical Devices Conference DMD2018 April 9-12, 2018, Minneapolis, MN, USA DMD2018-6904 diagnosis in patients with UI. The catheter is highly soft, flexible and enables operation in a body fluid environment. Its performance is evaluated in this paper by a pressure chamber test and a pressure cuff test. In the future, during clinical diagnosis with the new catheter, bladder filling, coughing, laughing, abdominal stress and other tests will be used to pinpoint the source of the UI problem.
METHODS

I. Sensor Design and Fabrication
A supercapacitor is governed by the same fundamental equation (equation (1)) as a traditional capacitor in which capacitance (C) can be described by
where A is the geometric surface area of the electrodes; ε is the relative permittivity of the dielectric material; and d is the distance between two oppositely biased electrodes. However, in a supercapacitor, the distance d is extremely small (of the order of the distance between ions at an electrode-electrolyte layer, a few angstroms). In our use of a supercapacitor as a force sensor, a change in force is translated into a change in contact area between the electrodes and the electrolyte, and consequently results in a change in capacitance. The principle of sensing is shown in Fig.2 . A supercapacitor sensor based on the above sensing mechanism was developed and wrap-assembled around a 7 Fr. Foley catheter as shown in Fig. 3(a) . The structure of the sensor is shown in Fig. 3(b) . The sensor consists of two copper electrodes and a flexible solid electrolyte film attached to the deformable 3D printed membrane. The fabrication process starts from attaching two pieces of copper tape (0.06mm thick) around the catheter as electrodes. Two thin enamel wires having a 40AWG diameter (Remington, Magnet Wire) are used as the current collecting wires, which are fixed at each copper electrode using silver paste (MG, 8330S-21G)and then carefully wrapped around and fixed on the catheter body way up to the other end of the catheter. The solid electrolyte film is created by dissolution of a cellulose structure into an ionic gel matrix. The ionic gel is made by mixing an ionic liquid, 1-ethyl-3-methylimidazolium tricyanomethanide [EMIM] [TCM] (IOLITEC Inc.), a prepolymer solution, consisting of PEG diacrylate (PEGDA, Mw = 575 g mol −1 , Polysciences) monomers and a photo initiator of 2-hydroxy-2-methylpropiophenone (HOMPP, Sigma-Aldrich) at a ratio of 50:40:10wt%. A filter paper (Millipore, 0.45um) is shaped into a cylinder and transferred into the 3D printed cylinder membrane. Then, the ionic gel is brushed on the filter paper. After curing under UV light for 1 minute, a transparent, soft film is formed on the inner surface of the cylinder membrane. The material for 3D printed cylinder membrane (TangoPlus, Stratasys) is soft and flexible, and 300um thick. The membrane with the electrolyte on is then assembled over the two copper electrodes using two cone supports at both ends, which are used to fix the sensing part onto the catheter. Sealant (Loctite, waterproof sealant) is used at all the interfaces for waterproofing. The as fabricated catheter with the sensor is highly soft and flexible.
II. Pressure Chamber and Pressure Cuff Tests
The urethral sensor is first tested inside a pressure chamber where pressure can be regulated from 0 to 5psi (Fig.4 (a) ). All the pressures in this paper are measured relative to atmosphere. Pressure is adjusted to 0.5, 1, 2, 3, 4, and 5psi and kept for a few seconds respectively. The capacitance changes are recorded using a capacitance meter (Rigol 3068).
To mimic the real urethra test, the sensor is also tested using a pressure cuff, which can be inflated to create contact pressure on the sensor (Fig.4(b) ). The pressure cuff is connected to pressure regulator and a syringe, by pushing and pulling the piston of the syringe, pressure ranging from 20 to 300mmHg can be achieved. In this test, 40, 60, 80 and 100mmHg pressure are applied on the cuff 3 cycles respectively. 
INTERPRETATION
As shown in Fig.5 , the urethral sensor can measure a pressure as low as 0.5psi. The sensitivity of the sensor is estimated to be around 0.1nF/psi, which is at least 3 orders of magnitude more sensitive per unit area compared to traditional capacitive sensors [3] . The sensors can be used inside the human body and in body fluids without experiencing parasitic noise, since the parasitic noise inside human body is usually in the order of fF~pF. From the pressure cuff test shown in Fig.6 and Fig.7 , the capacitance changes monotonically as the cuff is inflated. So, the urethral catheter with supercapacitor sensor can be inserted into the urethra to diagnose UI in a patient. In future work, multiple supercapacitor sensors on a single sensing strip will be fabricated and assembled on the urethral catheter to measure the pressure distribution inside the urethra, and in vivo tests will be conducted on female sheep using an IACUCapproved protocol. The new sensors will play a critical role in the new catheter since they are highly soft, flexible and enable reliable operation in a body fluid environment.
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